Genistein, an isoflavone derivative found in soy, is known as a promising treatment for rheumatoid arthritis (RA). However, the detailed molecular mechanism of genistein in suppression of proinflammatory cytokine production remains ambiguous. The aim of this work was to evaluate the signal pathway by which genistein modulates inflammatory cytokine expression. Materials and methods: MH7A cells were stimulated with tumor necrosis factor (TNF)-α and incubated with genistein, and interleukin (IL)-1β, IL-6, and IL-8 production was measured by enzyme-linked immunosorbent assay. Nuclear translocation of nuclear factor (NF)-κB was measured by a confocal fluorescence microscopy. The intracellular accumulation of reactive oxygen species (ROS) was monitored using the fluorescent probe 5-6-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate. Signal-transduction protein expression was measured by Western blot. Results: Genistein decreased the secretion of IL-1β, IL-6, and IL-8 from TNF-α-stimulated MH7A cells in a dose-dependent manner. Genistein prevented TNF-α-induced NF-κB translocation as well as phosphorylation of IκB kinase-α/β and IκBα, and also suppressed TNF-α-induced AMPK inhibition. The production of IL-1β, IL-6, and IL-8 induced by TNF-α was decreased by the phosphatidylinositol-3 kinase inhibitor LY294002, suggesting that inhibition of Akt activation might inhibit IL-1β, IL-6, and IL-8 production induced by TNF-α. In addition, we also found that pretreatment with the adenosine monophosphate-activated protein kinase (AMPK) agonist 5-aminoimidazole-4-carboxamide-1-β-d-ribofuranoside obviously inhibited TNF-α-induced proinflammatory cytokine production. These observations suggest that the inhibitory effect of genistein on TNF-α-induced proinflammatory cytokine production is dependent on AMPK activation. Conclusion: These findings indicate that genistein suppressed TNF-α-induced inflammation by inhibiting the ROS/Akt/NF-κB pathway and promoting AMPK activation in MH7A cells.
Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune disease that causes inflammation and joint destruction with a prevalence of about 1% of the general population. Without treatment, inflammation leads to cartilage damage, bone erosions, joint destruction, and impaired movement. Despite aggressive immunosuppression with biologics and traditional disease-modifying antirheumatic drugs, 30%-40% of RA patients are still 
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Li et al not adequately controlled. 1 In this context, there is a demand for exploration of new antirheumatic drugs with high efficacy and less toxicity.
Genistein (4′,5,7-trihydroxyisoflavone) is the principal isoflavone found predominantly in soy beans, and has attracted considerable attention due to its potential effects on some of the degenerative diseases, such as cardiovascular disease, osteoporosis, and hormone-related cancers. Interest in genistein as a potential therapeutic agent for RA has recently risen, as studies have shown that genistein exerts evident anti-inflammatory properties in a collagen-induced RA (CIA) model. [2] [3] [4] [5] However, detailed molecular mechanisms of the anti-inflammatory effects of genistein are still elusive. Here, we found that genistein suppressed tumor necrosis factor (TNF)-α-induced inflammation by inhibiting the reactive oxygen species (ROS)/Akt/nuclear factor (NF)-κB pathway and promoting adenosine monophosphate-activated protein kinase (AMPK) activation in MH7A cells.
What is already known about this subject
Genistein exerts evident anti-inflammatory properties in a CIA model. However, detailed molecular mechanisms of the anti-inflammatory effects of genistein are still elusive.
What this study adds
Our studies provided new insights regarding the antiinflammation activities of genistein against RA (modulating ROS/Akt/NF-κB and AMPK signal pathway in human synoviocyte MH7A cells), and may contribute to the rational utility and pharmacological study of genistein in future anti-RA research.
Materials and methods Reagents
Genistein was purchased from Longpu Technology (Shenyang, People's Republic of China). Enzyme-linked immunosorbent assay (ELISA) kits for interleukin (IL)-1β, IL-6 ,and IL-8 quantification were purchased from NeoBioscience Technology (Shenzhen, People's Republic of China). Recombinant human TNF-α was obtained from PeproTech (Rocky Hill, NJ, USA). N-acetyl-l-cysteine (NAC), phosphoinositide-3 kinase (PI3K) inhibitor LY294002, 5-aminoimidazole-4-carboxamide-1-β-dribofuranoside (AICAR), and 5-(6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA) were purchased from Sigma-Aldrich (St Louis, MO, USA). Antibodies for glyceraldehyde 3-phosphate dehydrogenase, vascular endothelial growth factor, and matrix metalloproteinases 3 and 9 were purchased from Abcam (Cambridge, UK). Antibodies against phosphorylated (p)-Akt (Ser473), p-IκB kinase (IKK)-α/β (Ser176/180), p-IκBα (Ser32), NF-κB p65, p-NF-κB p65 (Ser536), and p-AMPK (Thr172) were purchased from Cell Signaling Technology (Danvers, MA, USA).
Cell culture
MH7A cells were obtained from the Riken cell bank (Tsukuba, Japan). Cells were maintained in Roswell Park Memorial Institute 1640 medium (Sigma-Aldrich), supplemented with 10% fetal bovine serum (Sigma-Aldrich) and penicillin/streptomycin (1:100; Sigma-Aldrich), in a CO 2 incubator at 37°C.
Cell-viability assay (MTT dye assay)
Cell viability was measured by the 3-(4,5-dimethylthylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) method, as reported previously. 6 Enzyme-linked immunosorbent assay MH7A cells were seeded in 24-well plates. The cells were pretreated with various concentrations of genistein for 2 hours, and then incubated for another 24 hours with or without 10 ng/mL of TNF-α. The culture medium was collected, and the concentrations of the cytokines were determined by ELISA using a commercial kit (NeoBioscience Technology), according to the manufacturer's instructions.
Western blot
As reported before, 7 40 µg of protein from each treatment was separated by 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane. After blocking with 10% instant nonfat dry milk, membranes were incubated with specific antibodies overnight at 4°C, followed by incubation with the secondary antibody. Antibody binding was detected with the enhanced ECL detection system. (Beyotime Institute of Biotechnology, Haimen, People's Republic of China) Western blot results were quantified using ImageJ software (downloaded from the NIH website http://rsb.info.nih.gov/ij/download.html) after normalizing to corresponding loading controls.
Analysis of p-Akt and p-AMPK activity
In all the experiments, MH7A cells were serum-starved overnight. To evaluate the effects on Akt and AMPK activity, cells were preexposed to drugs (genistein, LY294002, or AICAR) for 2 hours, and then incubated with TNF-α for 
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Genistein suppresses inflammation via ROS/Akt/NF-κB and AMPK pathways the indicated times. After treatment, the cells were scraped from the dishes and lysed in ice-cold lysis buffer. p-Akt and p-AMPK activity were assessed by the levels of p-Akt (Ser473) and p-AMPK (Thr172).
Detection of reactive oxygen species
The intracellular accumulation of ROS was monitored using the fluorescent probe CM-H 2 DCFDA. At the end of the treatment, cells were loaded with 10 µM CM-H 2 DCFDA and incubated at 37°C for 30 minutes in the dark. Cells were then cleaned and resuspended in phosphate-buffered saline (PBS). Samples were observed under a fluorescence microscope (DMI 3000 B; Leica Microsystems, Wetzlar, Germany) at 488 nm excitation and 530 nm emission.
Immunocytochemistry
MH7A cells cultured on glass coverslips were fixed with 4% paraformaldehyde in PBS and stained with anti-NF-κB p65 antibody (diluted 1:100) for 1 hour at room temperature, and then incubated with fluorescein isothiocyanate-conjugated second antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After washing in PBS, nuclei were stained for 3 minutes with the fluorescent dye 4-,6-diamidino-2-phenylindole. The stained cells were analyzed with confocal fluorescence microscopy (TCS SP5-II; Leica Microsystems).
Statistical analysis
All quantitative data were expressed as means ± standard deviation from at least three independent experiments. Statistical analysis was carried out by a one-way analysis of variance followed by a Dunnett's t-test, in which all groups were tested against a control group as a reference using SPSS 13.0.1 (SPSS Inc., Chicago, IL, USA) software. A difference was considered significant when P,0.05.
Results

Cytotoxicity of genistein on MH7A cells
To avoid any cytotoxic effects caused by genistein, we investigated the cytotoxicity of genistein, which was assessed using the MTT assay. No cytotoxicity was observed when the cells were exposed to up to 20 µM genistein for 24 hours ( Figure 1 ). We then decided to set the concentration of genistein at 20 µM for the following experiment.
Effects of genistein on TNF-α-induced proinflammatory cytokine production
It has been well documented that overproduction of inflammatory cytokines, such as TNF-α and IL-1β, is implicated in the pathogenesis of RA. Therefore, we explored whether genistein could suppress TNF-α-induced proinflammatory cytokine production. To investigate the anti-inflammatory activity of genistein, we examined the production of IL-1β, IL-6, and IL-8 in TNF-α-activated MH7A cells. MH7A cells were pretreated with genistein (5, 10, 20 µM) for 2 hours prior to 24-hour stimulation using 10 ng/mL TNF-α. As shown in Figure 2 , the stimulation of MH7A cells with TNF-α significantly increased the expression of IL-1β, IL-6, and IL-8 in the culture supernatant. However, pretreatment of MH7A cells with genistein reduced the release of IL-1β, IL-6, and IL-8 in a concentration-dependent manner in TNF-α-stimulated MH7A cells.
Effects of genistein on NF-κB activation in MH7A cells
NF-κB is a transcriptional regulator that plays a central role in responses to inflammatory signaling in RA. Phosphorylation of NF-κB p65 is an important step for its transcriptional activity. 8, 9 Thus, we examined whether genistein could suppress TNF-α-induced p65 phosphorylation. Cells were pretreated with or without genistein (20 µM) for 2 hours, and then stimulated with TNF-α (10 ng/mL) at the indicated times. As shown in Figure 3A , treatment of MH7A cells with TNF-α enhanced phosphorylation of Ser536 of NF-κB p65 (which closely correlates with NF-κB transcriptional activation), which was inhibited by pretreatment with genistein. To further investigate the effect of genistein on NF-κB signaling, we used immunocytochemistry to examine the nuclear translocation of NF-κB p65. We found that treatment with genistein (20 µM) significantly inhibited TNF-α-induced NF-κB p65 nuclear translocation ( Figure 3B ). 
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Li et al NF-κB is associated with IκB protein in the cytoplasm, which inhibits NF-κB activity. IKK is an important upstream kinase for phosphorylation of IκB. Thus, we examined the phosphorylation of IKKα/β and IκBα by Western blot analysis. As expected, TNF-α (10 ng/mL) induced IKKα/β and IκBα phosphorylation. This effect was dramatically blocked by treatment with genistein ( Figure 3A ). Based on these results, we conclude that genistein suppresses TNF-α-induced proinflammatory cytokine production at least partly by inhibiting the IKK/IκB/NF-κB pathway in MH7A cells.
Involvement of Akt in NF-κB activation by TNF-α
The PI3K/Akt pathway has been demonstrated to be involved in the regulation of NF-κB activation. 10 We thus examined the effects of genistein on the TNF-α-induced phosphorylation of Akt in MH7A cells. As shown in Figure 4A , genistein (20 µM) significantly suppressed TNF-α-induced phosphorylation of Akt at Ser473. To investigate the relationship between the PI3K/Akt pathway and NF-κB, we treated the cells with the PI3K inhibitor LY294002 before TNF-α (10 ng/mL) treatment. Cells were pretreated with 20 µM LY294002 for 
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Genistein suppresses inflammation via ROS/Akt/NF-κB and AMPK pathways 1 hour and then exposed to TNF-α. We found that LY294002 pretreatment blocked the increased p-Akt, IKK, and p65 levels by TNF-α ( Figure 4B ). In addition, LY294002 significantly suppressed proinflammatory cytokine production in TNF-α-activated MH7A cells (Figure 4C-E) . Based on these results, we conclude that PI3K/Akt might act as an upstream regulator on NF-κB activation, and that genistein inhibits inflammatory cytokines expression in MH7A cells by blocking the PI3K/Akt/NF-κB signaling cascades.
The role of ROS in TNF-α-mediated inflammatory responses
To elucidate the mechanism of genistein-induced inhibition of the PI3K/Akt/NF-κB pathway, we first performed experiments to determine the effects of genistein on intracellular ROS accumulation. Stimulation of MH7A cells with TNF-α (10 ng/mL) increased intracellular ROS levels, as determined by using the H 2 O 2 -sensitive probe CM-H 2 DCFDA, which was effectively attenuated by pretreatment with genistein (20 µM) or NAC (10 mM), a common ROS scavenger ( Figure 5A ). In addition, pretreatment with the antioxidant NAC dramatically reduced TNF-α-induced inflammatory cytokine expression ( Figure 5B-D) . To investigate whether genistein exhibited anti-inflammatory properties via inhibition of the ROS/Akt/NF-κB pathway, we tested the effect of NAC on TNF-α-induced Akt and downstream NF-κB activation. As shown in Figure 5E , we confirmed that TNF-α induced activation of the Akt/NF-κB pathway, while NAC (10 mM) pretreatment blocked TNF-α-induced Akt/ NF-κB activation. These data indicated that genistein could attenuate TNF-α-induced inflammatory responses in MH7A cells by suppressing ROS/Akt/NF-κB activation.
The role of AMPK in the antiinflammatory effects of genistein
To characterize further the mechanism underlying the antiinflammatory effects of genistein, we assessed the AMPK 
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Li et al pathway, which correlated with inflammatory disease. We found that TNF-α (10 ng/mL) alone decreased AMPK phosphorylation, whereas pretreatment with genistein (20 µM) prevented this effect ( Figure 6A ). To determine whether AMPK is involved in TNF-α-mediated inflammatory responses, we tested the effects of AMPK agonist AICAR on TNF-α-induced inflammatory cytokine expression. As shown in Figure 6B -D, pretreatment with AICAR (1 mM) obviously inhibited TNF-α-induced proinflammatory cytokine production. These data indicate that the inhibitory effect of genistein on TNF-α-induced proinflammatory cytokine production is dependent on AMPK activation.
Discussion
The isoflavonoid genistein represents the major active compound from soybean. Its anti-inflammatory and immuneregulation effects have been documented. Several reports have shown that genistein could reduce inflammation in a CIA rat 
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Genistein suppresses inflammation via ROS/Akt/NF-κB and AMPK pathways model. For instance, Verdrengh et al suggested that subcutaneous injection of genistein exerts evident anti-inflammatory properties on CIA rats. 3 Wang et al also reported that genistein treatment could reduce RA-induced inflammation and affect the immune system. 2 In addition, Zhang et al suggest that genistein has a specific inhibitory effect on the anchoragedependent and anchorage-independent growth of fibroblastlike synoviocytes in RA, arresting the synovial cells at the G 1 restriction point. 4 However, the mechanisms underlying these effects are not fully understood, and further investigations are needed to explore the detailed molecular mechanism regulated by genistein. Here, we found that genistein significantly reduced inflammatory mediators, such as IL-1β, IL-6, and IL-8 production, in TNF-α-activated MH7A cells in vitro. Our results also showed the anti-inflammatory properties of genistein are mediated by the interruption of the ROS/Akt/ NF-κB signaling pathway and promoting AMPK activation in MH7A cells. These signaling events together led to a marked decrease of TNF-α-induced proinflammatory cytokine production ( Figure 7) .
The transcription factor NF-κB has crucial roles in inflammation. In most cell types, NF-κB is represented mainly by the p65/p50 heterodimeric complex. In the resting stage, this complex is retained in the cytoplasm as an inactive form bound to an additional inhibitory subunit -IκBα. 11 During the activation process, the inhibitory subunit IκBα is rapidly phosphorylated at Ser32 and Ser36 residues by IKKα/β, and subsequently ubiquitinated and degraded by the 26S proteasome complex. Once released, free NF-κB translocates to the nucleus and activates transcription of various inflammatory gene products. Notably, there is accumulating evidence suggesting that NF-κB plays a pivotal role in the pathogenesis of RA. 12 Thus, NF-κB may be In this study, we found that genistein significantly inhibited NF-κB transcriptional activity in human synoviocyte MH7A cells by attenuating TNF-α-induced IKKα/β, IκBα, and p65 phosphorylation and subsequent p65 nuclear translocation. Genistein, a selective protein tyrosine-kinase inhibitor, could inhibit epidermal growth-factor receptor kinase, pp60 v-src , and pp110 gag-fes . Moreover, recent studies have also indicated that genistein could inhibit Akt activation. 14 Previous studies have reported the importance of the PI3K/Akt pathway, an important regulator of growth and inflammation, in inflammation-mediated diseases, such as RA 18 and psoriasis. 19 Recent studies also indicated that TNF-α could activate the PI3K/Akt pathway in synovial cells. 20, 21 Interestingly, the PI3K/Akt pathway has been also implicated in NF-κB transcriptional activation. 22 In addition, Gong et al found that genistein might inhibit NF-κB activation via the Akt pathway in MDA-MB-231 breast cancer cells. 16 However, the involvement of the PI3K/Akt pathway in NF-κB activation is a cell-and tissue-specific event. It has been confirmed that TNF-α-induced NF-κB activation is independent of the PI3K/Akt pathway in human glioma cell lines. 23 Shao et al suggested that radiation-induced NF-κB activation is independent of Akt activation in parental cancer cells. 24 We found that inhibition of PI3K/Akt could attenuate the phosphorylation of IKKα/β, which was accompanied by the suppression of IκBα and NF-κB phosphorylation. Furthermore, the upregulation of proinflammatory cytokine production was attenuated by LY294002. Based on these data, we argue that PI3K/Akt participates in NF-κB activation and NF-κB-dependent cytokine expression.
ROS encompass a variety of partially reduced metabolites of oxygen generated in the cell as byproducts of normal mitochondrial metabolism. Exposure to cytokines such as TNF-α induces marked transient increases in the intracellular levels of ROS, which play a key role in modulating the cellular inflammatory response. 25 Furthermore, ROS are critical for the inflammatory signals through Akt activation and NF-κB activation. 26, 27 More importantly, it has been shown that genistein could reduce ROS by attenuating the expression of ROS-producing enzymes. 28 Here, we demonstrated that the reduction of cellular ROS by genistein or NAC inhibited Akt, IκBα, and IKKα/β phosphorylation and the activation of NF-κB. Moreover, pretreatment with NAC dramatically reduced TNF-α-induced inflammatory cytokine expression. We thus hypothesize that ROS-mediated activation of the PI3K/Akt pathway plays an important role in NF-κB activation and subsequent proinflammatory cytokine production.
AMPK is a highly conserved protein kinase that participates in the cellular response to metabolic stress. Cellular stresses that inhibit adenosine triphosphate (ATP) production or increase its consumption change the AMP:ATP ratio and activate the pathway. Once switched on, AMPK activates catabolic pathways that generate ATP and inhibits biosynthetic cell-cycle progression. In addition to balancing cellular energy, it is likely that AMPK also acts to limit inflammation. [29] [30] [31] [32] [33] [34] Metformin, an AMPK agonist, could reduce the systemic inflammation by lowering the level of C-reactive protein and IL-6. 35 Intriguingly, genistein can also activate AMPK. 28, 36 Here, we found that pretreatment with AICAR obviously inhibited TNF-α-induced proinflammatory cytokine production. Our results indicate that the inhibitory effect of genistein on TNF-α-induced inflammatory cytokine overproduction is dependent on AMPK activation.
In conclusion, our data provide new insight into the antiinflammatory mechanisms of genistein, demonstrating that genistein suppresses TNF-α-induced inflammation by inhibiting the ROS/Akt/NF-κB pathway and promoting AMPK activation in MH7A cells. These mechanisms may provide scientific support for the use of genistein for RA.
